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DYNAMIC MIXED MODE FRACTURE
A. S. Kobayashi and M, Ramulu

Department of Mechanical Engineering, University of Washington

ABSTRACT
A newly developed data reduction process was used to veevaluate dynﬂm%y
photoa}nstic results and to extract dynamic stress intensity factors, K(Y'

and K;7'', associated with curved and branched cracks in fracturing Homd*ite -
100 p{ tes. A branching stress intensity factor approximately 5 times the
fracture toughness was identified for tniﬁ muteré9l. Moderate to severe
crack curvings were associated with a Kly and Kll vatio as Tow as 0,05, but
with positive remote stress component, Dox*

INTRODUCTION

Two dimensional dynamic photoelasticity has been used by Bally and his
associates [1,2] and by the author and his associat8§n[3,4] to determine ex-
perimentally the dynamic stress intensity factor K;”', surrounding a propa-
gating crack and to establish a dynamic. fracture to&ghness, K., versus crack
velocity 4, relation which may control dynamic fracture. ThiDuse of dynamic
photoelasticity in studying dynamic fracture has been eloquently described by
J. W. Dally in his recent article [1]. As noted by Dally, the datg reduction
procedure used by most investigators in the past for calculating K3¥", from
the transient isochromatics surrounding the propagating crack tip, was re-
stricted to Mode I crack tip deformation. A theoretical, near-field, static
isochromatics was first equated to the recorded experimental dynamic isochro-
matics and the resultant static stress intensity factor of the former was
considered the dynamic stress intensity factor of the latter [2,5]. Error
estimates for using a near-field stress to extract the Mode I dynamic stress
intensity factor have been made by several investigators [6-8] and in partic-
ular, exhaustively by Rossmanith and Irwin [8].

Studies of the static isochromatic patterns under mixed mode loading
conditions, i.e. in the presence of combined KI and K., crack tip deforma-
tions were made by C. W. Smith [9,10], Gdousto and Thé&caris [1]5 and more
recently by Dally and Sanford [12,13] and Rossmanith [14]. These mixed mode
jsochromatics are all characterized by their unsymmetric patterns with re-
spect to the straight crack line. It is also interesting to note that the
shapes of these static isochromatics are strongly influenced by the higher
order terms, i.e. terms other than KI and K;,. In particular, the second
order term of o__, commonly referred to as Lge remote stress component, will
distort the symﬁétry of the isochromatics by significant stretching and




shortening of the upper and lower loop system [ H4]. Tor a pure wode tl
crack tip deformation, the isochromatic loop straddles the crack tip das
shows in Figure 1 where a nearly pure shear state of stress is genordted
around branched cracks. The mode Il stress intensity factors

Mote stress components o _, associated with these 1suchromat1cs

5, and re-
in the following Table 1.°

re listed

FOURTEENTH FRAME FIFTEENTH FRAME
448 u Seconds 482 u Seconds
(0} INNER BRANCH CRACK

-

r

7,

FIFTEENTH FRAME SIXTEENTH FRAME
482 u Seconds 53] u Seconds
(b) OUTER BRANCH CRACK

Fig. 1 Typical Mode II Dynamic Isochromatic Patterns of Arresting Branched

Cracks. Homalite-100 Single Edge Notched Specimen Under Fixed-Grip
Loading. Specimen No. B5

Table 1. KII and Oox for Arrested Branch

Cracks in Fig. 1
(a) Inner Branch Crack
14th Frame 15th frame

K11 0.4 MPavin 0.44 MPaviu
“Acciasion For ‘7[" 9 ox 0.32 MPa -0.04 MPa

NTIS  Goinkl {b) Outer Branch Crack
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Unrnnourced 15th ftame 16th fndmv

Justification Kll 0.44 Ml'avin 0.41 M'avin
2] 0.18 MPa 0.08 MPa
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In actual dynamic photoelastic analysis of dynamic fracture, dynamic iso-
chromatics surrounding a running crack often exhibits moderate unsymmetry V
but such photoelastic patterns were heretofore considered experimental ab-
normalities and were ignored by averaging the unsymmetric patterns during the
data reduction process. -Careful postmortem inspection of the fracture speci-
mens, however, show that the slightly unsymmetric isochromatics are often
associated with slight&vncurved crack paths which undoubtedly are cauaed
by the small dynamic KIy , coexisting with the dominating dynamic K N vatue. ‘
This effect is akin to Ehe small but noticeable influence of a smal{ K;y on
fatigue crack propagation reported fifteen years ago [15]. The exact *élation
between the amount of crack curving and the dynamic K; and possibly other
higher order terms of the near field stresses associa{ed with the propagating
crack tip would thus provide a dynamic crack propagation law under mixed-mode
crack tip deformation similar to the KID versus & relation under consideration E
for Mode I dynamic crack propagation.

e AT

With the gﬁxelonnent of a data reduction procedure for evaluating K I to-
gether with K values, it became possible to investigate experimental{y
the role of m‘xed mode dynamic near field stresses in dynamic fracture. The
authors used such procedure to evaluate the stress intensity factors associ-
ated with crack branching and crack curving [16]. The purpoge of thia paper ‘
is to use this data reduction procedure to further extract K YN and K {

from the previously recorded dynamic isochromatics surroundiﬁg runniné crack

tips of curved and branched cracks.

e g At

DATA REDUCTION PROCELURE

A three parameter, mixed mode, near-field state of stresses surrounding E
a crack propagating at constant velocity [17,18] was used to derive, s rela- i
taon between the Modes I and Il dynamic stress intensity factors, K and
K" and the remote stress component o, and the dynamic isochro&atics.
TL‘S relation together with an overdeterMinistic, least-square method formed
the basia ﬂf a da&gnreduction procedure for extracting the three dynamic para-
meters K3V and K and ¢__ from the recorded dynamic photoelastic pattern
surround*ng a run**ng cracR® Further details of this data reduction proced-
ure can be found in Reference [16].

QY Py 7 R SO

figure 2 shows two frames out of a 16-frame dynamic photoelastic record
of a curving crack in a notch bend specimen 9.58mm (3/8 inch) thick, 88.9 x
400mm (3 1/2 x 15 3/4 inch) Homalite-100 beam with a blunt initial crack of
6.4mm (7/32 inch) in length and which was impact loaded by a drop weight of
1.48 kg (3.25 1bs) [19]. The crack emanated from the blunt saw-cut pre-
crack and propagated through much of the height of the beam prior to curving
as it approached the region of impact loading. Further details of the experi-
mental setup, crack velocity measurements and dynamic calibration of the
Havﬂ]ite-lgonmaterial used are found in Reference [19]. Figure 3 shows the
K and K$Y" and o variations obtained from the dynamic photoelastic
pstterns p%écndigg %d imnediately after &pﬁ c¢rack curving shown in Fiqure 2. y
The negligible Klan with respect to the K

ov

leads to speay*utiun that the
important factor erning the crack curv*nq is not the I<“1 component of
¢

the mixed mode local dynamic state of stress, but rather 0. component
which heretofore was ignored in past static analyses. The dir88tional sta-




bility of the static Mode 1 crack extension with o __ as a dominant factor,
however, has been presented recently [20] and thus 1t is conceivable that

the second order term, i.e. ¢ X in the dynamic near-field stresses, may also
govern the crack path of a randly propagqating crack. Crack curving associa-
ted with the large positive o__ values in FMig. 3 tends to confirm this specu-

. oX
lation,

~——

SEVENTH FRAME EIGHTH FRAME
175 u Seconds 185 u Seconds

Fig. 2 Typical Dynamic Isochromatics or a Curved Crack. Homalite-100 notch
bend specimen. Specimen No. 1-C042574
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Fig. 3 Modes I and Il Dynamic Stress Intensity Factors of the Curved Crack
Shown in Fig. 2.




Figure 4 shows a slightly slanted crack and the associated Kdyn Kdyn

, and
o,, in a fracturing, wedge-loaded, double cantilever beam specian of &!Gmm
(378 inch) thick, 76.2 x 152.4mm (3 x 6 inch) Homalite-100 plate. Details of
this exper‘iwgntdl se(w”. etec., can be found in Reference {21, Some fluctu-
ations in K and K througpﬂut the crack propagation history is noted.
Again, the Eonsistenk*y low KII values and the large positive o X associated
with significant crack curving tend to verify the previous findiﬂg regarding
the importance of 9, in dynamic crack curving. It appears then that a frac-
ture dynamic theory éompara?*e to that of Ref. [20] and in the presence of
small but non-negligible KII may provide insight to dynamic crack curving.

] v 1 I T A 1 A 1
€
)
& 08} P
2
-3 ‘ dyn o
Sosf | X 43%
5 2
& \ E
> \
-
04 \__ CRACK par dog
@ 04 *o PATH 2
& v T ﬁ%r g
= \ Fg) i S
- \ ! \ o [N}

\ Yox /

§ozr q 1 \ p ~|§
4 \ / \ s fr]
s | w.- «
(8]
3 of 0—4)\9/‘_:?7% -0
2
5

L N 1 N 1

" L " A "
40 60 80 100 120 140
PROJECTED CRACK LENGTH {(mm)

Fig. 4 Modes I and II Dynamic Stress Intensity Factors of a Slanted Crack in
a Wedge-Loaded Rectangular Double Cantilever Specimen. Homalite-100
Specimen No. L315-030274.

Figure 5 shows two dynamic photoelastic patterns of a branched crack
in a single edge-notched 9.5m (3/8 inch) thick, 254 x 25mm (10 x 10 inch)
Homalite-100 plate subjected to fixed grip loading condition. Other branched
cracks from this same specimen were shown in [ig. 1 and the experimental de-
tails of this test can be found in Reference [?f. Ao shown in Tig. b, within
the 49 micro-second interval, the propagating crack turned about 74" and ar-
rested. The m&§ﬁd Mode s&pﬁss intensity factors prior to this severe crack
kinking were K = 0, K7 = 0.41 MPa/m and o = 0.18 MPa. After crack
kinking at whilh time thelbrack arrested, K, = 0°34 MPa/m, K,, = 0.08 MPa/m
and o, = 1.4 MPa. This severe crack curving, i.e. crack kik&ing can also
occur under the more traditional high KII state of stress.




FIFTEENTH FRAME
482 u Seconds

SIXTEENTH FRAME
531 pu Seconds

Fig. 5 Dynamic Isochromatics Prior To and After Crack Kinking. Homalite-100
Single Edge Notched Specimen Under Fixed Grip Loading. Specimen No.BS

The above three sets of data are obviously not sufficient tg estahlish a
dynamic crack curving criterion. Quantitative corretlation of K%YN, K i" and
o, with the degree of crack curving as well as the possible dependené on
cRack velocity are lacking at this time.

CRACK BRANCHING

|4
'

FOURTH FRAME FiFTH FRAME SEVENTH FRAME
102 u Seconds 134 1 Seconds 212 u Seconds

Fig. 6 Typical Crack Branching Dynamic Photoelastic Patterns Homalite-100
Single Edge Notched Specimen (Fixed Grip Loading) Specimen No. B8.




Figure 6 shows three frames out of a 16-frame dynamic photoelastic record
of a crack propagating and branching in a 3.2mm (1/8 inch) thick, 254 x 254mm
(10 x 10 inch) Homalite-100 plate loaded under fixed grip tension. Details
of the experiment can be found in Reference [22].

Figure 7 shows the Kdyn and K?{n 395 two branches of the cracks shown in
Figure 6. By extrapg]at‘ng the KI associated with twg hranch cracks,
an after-branching K;V" = 1.2 MPa /i (10.90 psiv/in.) and K" = 0.45 MPa vin
(410 psi /in) are obtained. The branching stress &pﬁensity factor, i.e. im-
mediately prior to branching, is estimated to be KI = 2.03 MPa /m (1850
psi /in).
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Fig. 7 Modes I and Il Dynamic Stress Intensity Factors ot the Branched
Cracks Shown in Fig. 6.

Figure 8 shows another set of K and:K?{" for two branch cracksd;n a

similar dynamic photoelastic experiment [20]. By extrapolating the Ky
aa§ﬂciated with the only readable righ& Rranch data, an after branching
K = 1,02 MPa /i (920 psi /in) and K YN - _0.2 MPa v/m (180 psi vin) are ob-

dyn

téineg.n The extrapolated dynamic strel! in&§ﬂsity factors prior to branching
are K;”" = 2.03 MPa /i (1850 psi /in) and K}7" ¢ 0.

The average branching and after-branching stress intensily factors of

the above two experiments as well as those for Lthe single experiment reported
in Reference [15] yield the following:
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Branching K{Y™ = 2.03 MPa viu (1850 psi /in)
dyn .
KII $ 0
After Branching KSY" = 1.0 MPa /i (950 psi /in)
k" = 0.2 Mpa v (180 psi /7n)
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Fig. 8 Model I and Il Dynamic Stress Intensity Factors of a Branched Crack
in a Homalite-100 Single Edge Notched Specimen Under Fixed Grip
Loading. Specimen No. B9.

The above branching K?yn data is iggntica1 to that quoted in Reference
[1]. The ratio of before over after K;” of 2.03/1.0 £ 2.0 is consistent
with the postulate that crack branchin§ occurs to dissipate fracture energy
along two propagating cracks bu& 15 higher than the expected v2 value. It is
also interesting to note tha. K I which is prior tc crack branching regains
a small magnitude immediately a*ier crack branching and is consistent with
the static results of Reference [23].

DISCUSSIONS

The above dynamic photoelastic data on crack curving and crack branching
should be considered as preliminary since the data is not sufficient in quan-
tity for establishing a dynamic crack curving or a crack branching criteria.
Evaluation of the accumulated dynamic photoelastic experiments using the newly
developed data reduction procedure is continuing and the new crack curving
and crack branching dynamic photoelastic experiments are planned.
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